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Three parameters of  i n t e r e s t  f o r  t h e m a l  processing of 2 rbo-aceous 
mater ia l s  have been stuCied. The mean s p e c i f i c  nea t  capaci ty  from rocs  ~ e ~ e r z -  
t u r e  t o  temperatures of 500" t o  900'F have bee3 shown t o  range from 0.34 t o  0.41 
f o r  coa l  from the P i t t sburgh  Seam and 0.28 t o  0.31 f o r  i t s  LTC cher. 
measurements were made i n  a simple high te -vera ture  c a l o r h e t e r .  
conduct ivi ty  of coal-char-picch br ique ts  w a s  found t o  follow a ca tzern  s i r i l z r  
to coal. being coked, exhib i t ing  a 20-fold increase iil value I'rom r o m  zeT:era<ze 
t o  hot  coke temperature. 
method using a compensated conductometer. 
heat  t r a n s f e r  coef f ic ien t  f o r  f l u i d i z e d  s o l i d  hea t ing  of an %ersed sFhere . a s  
c a r r i e d  out experimentally using t h e  unsteady s t a t e  hea t ing  curve. 
of  t h e  order  of 30 Btu/hr f t 2  Fa were obtained whi- nh e r e  consis tenx x i r n  the  
range general ly  found i n  t h e  l i t e r a t u r e  f o r  w a l l  and tiioe coer ' f ic ienss .  

These 
%E -Lemal  

The conduct iv i t ies  were measured b7 .a  very direcx 
An est imat ion of t h e  s u r f a c e  f i h  

Values fzr 5 

I 



:i 
. 

-72- 

Not f o r  Publ icat ion 
Presented Before t h e  Divis ion of Gas and Fuel  Chemistry 

American Chemical Society 
Chicago, I l l i n o i s ,  Meeting, September 7-12, 199 

Measurement of t h e  ?"nemal Proper t ies  
of Carbonaceous Materials 

J. D. Batchelor, P. M. Yavorsky and E. Gorin 

CONSOLIDATIOB COAL COMPANY 
Research and Development M v i s i o n  

Library, Pennsylvania , 

j 
INTROWCTTON 

Many of  the processes f o r  t h e  treatment of coal ,  e i t h e r  i n  present  day 
use or  under development, involve thermal conversion. One such process, the fonn- 
coking of  coal-char b r i q u e t s ,  i s  discussed i n  a companion paper. 
des i rab le ,  i n  the development of such processes ,  t o  have ava i lab le  themal d a t a  
on t h e  materials be ing  handled. The work descr ibed here  was designed t o  supply 
such thermal data for  carbonaceous ,naterials o f  i n t e r e s t .  
ments have been made on a bituminous coa l  from t h e  Pi t tsburgh Seam and i t s  low 
t enpera ture  char. 
coal-char-pi tch br ique t .  F ina l ly ,  an estimate has  been made of t h e  hear. t r a n s f e r  
film c o e f f i c i e n t  from a f l u i d i z e d  hea t ing  medium t o  a spher ica l  br iquet .  %is 
latter work k'as c a r r i e d  out  so t h a t  the  thermal parameters could be applied t o  
t h e  c a l c u l a t i o n  of  h e a t i n g  rates f o r  carbonaceous br ique ts ,  an appl ica t ion  which 
is descr ibed i n  aaother paper. 

It i s  obviously 

Heat capaci ty  measure- 

Thermal conduct iv i ty  measurements have been c a r r i e d  out on a 

L i t e r a t u r e  Survey 

The heat c a p a c i t y  d a t a  f o r  coa l  recorded i n  t h e  l i t e r a t u r e  have been 
reviewed by Qendenin, e t  a l . 3  I n  t h i s  review a c o r r e l a t i o n  equation f o r  r,he 
s p e c i f i c  heat c a p a c i t y  of moisture-free coa l  i s  presented, based on d a t a  f o r  23 
American bituminous coa ls .  The equat ion r e l a t e s  h e a t  capac i ty  t o  temperature 
and v o l a t i l e  natter conten t  as follows: 

c = 0.200 + 0.0015 V.M. + 0.00088 t 

where V.M. = percentage v o l a t i l e  matter on a moisture-free bas i s  
t = temperature, "c 

This equation cannot be expected t o  hold  i n t o  t h e  temperature range i n  which c o d  
becomes p l a s t i c .  
temperatures above lGQ°C &e its use above about 150°C an extrapolat ion tha t  may 
not be  j u s t i f i e d .  

In  fac t  the very l i m i t e d  d a t a  included i n  the  cor re la t ion  for 

me heat capac i ty  o f  a bituminous coa l  within i ts  p l a s t i c  range may be a 
somewhat v a r i a b l e  q u a n t i t y  depending upon t h e  d e f i n i t i o n  of  t h e  quant i ty  p d  the  
method of measurement. 
measurement of  two heat q u a n t i t i e s .  One, t h e  t o t a l  "heat of carbonization", i s  
def ined t o  inc lude  all the sens ib le  and reac t ion  hea ts  involved i n  carbonization; 
t h e  other ,  o f t e n  c u e d  t h e  "heat of decomposition", refers t o  the  react ion heats 
only after the s e n s i b l e  heats have been removed by ca lcu la t ion  o r  by t h e  use of a 
d i f f e r e n t i d  c a l o r i m e t r i c  method. The most notable  of t h e  data  i n  the  l i t e r a t u r e  

%e l i t e r a t u r e  contains numerous papers devoted t o  t h e  
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11 4-5 are those of Terres and co-workers 
Par+. 
coa l  by  thermal treatmentI3. 
shor t  of providing appl icable  and cons is ten t  d a t a  f o r  materials t y p i c a l  of Pi t tsburgh 
Seam bituminous coal. 

'15, Davis, e t  al. , XepanLB, m d  Burke and 
Work has also been reported upon t h e  heat capaci ty  of chars  produced i'ron 

i n  general ,  the data found i n  the l i t e r a t u r e  fall 

Published information on the thermal conduct ivi ty-  appl icable  t o  n a t e r i a l s  
with which w e  dea l  is a l s o  verf meager. B;r t h e  tine our work had progressed i o  
conduct ivi ty  measurements, we 'were prFroarilji i n t e r e s t e d  i n  compactiocs of c o d ,  
char  and p i tch .  
again these d a t a  are p r i n c i p a l l y  low temperature measureaents below lCO°C. Sore 
d a t a  by Terres'l cover the  whole coking range, bu t  s ince  the  values are reportec? 
as "mean" conduct iv i t ies  they probably represent  average v a l u e s  over  a bide :eE- 
pera ture  rarge. Millard' has published conduct ivi ty  d a t a  f o r  beds of ga-.lLa%ed 
Coal (and coke, subsequently produced) over a 100-gOO"C t e q e r a t u r e  m g e .  \;nile 
the  experimental u n i t  used by Millard w a s  adequate f o r  zeasuremenzs on pzc-rea ->e<- -= , 
it was not appl icable  t o  s o l i d  compaet i~nf .  Work by Birch a.nd 2iark1 3n :ne cox- 
d u c t i v i t y  of rock samples up t o  900'F provided the b a s i c  design for she corcl~c:s- 
meter used i n  our work. 

D a t a  on coa ls  and cokes are s u m a r i z e d  by Clendenin, e t  ~ t . ~ ,  b3t 

No work has been found i n  t h e  l i t e r a t u r e  which p r e d i c t s  d i r e c c l y  zhe 
sur face  f i lm heat  t r a n s f e r  c o e f f i c i e n t  between f l u i d i z e d  s o l i d s  and s m l l  spheres 
immersed i n  the bed. Numerous inves t iga t ions  and c o r r e l a t i o n s  ere a-.-ail&le f a r  
h e a t  t r a n s f e r  c o e f f i c i e n t s  between f l u i d i z e d  s o l i d s  and the w a l l s  of the conta ic icg  
vesse l  and some work i s  reported f o r  i n t e r n a l  tubes. No e f f o r t  h s  beec macle zo 
c r i t i c a l l y  evaluate  a l l  t h i s  i n f o m a t i o n ,  bu t  the  range o f  values  f o r  h 'AouGYt 20 
be appl icable  i s  from 20 t o  50 Btu/hr f t 2  Fa. 

Heat Capacity Measurements 

Method 

A v a r i a t i o n  of  t h e  s tandard c a l o r i n e t r i c  method of  nixtures vas uszc i n  
t h i s  work. The bituminous coal  samples under study were known to .undergo ir- 
revers ib le  changes upon thermal treatment i n  +%e tercperature r m g e  or' i n t e r e s t ;  
for this reason, it was e s s e n t i a l  t h a t  a high temperature c a l o r i c e t e r  be used ir 
which t h e  sample i s  heated and t h e  c a l o r i n e t e r  cooled. 
the  opposite of the one genera l ly  used i n  which a hot  sample i s  cooled i n  a coid 
calorimeter. The method adapted measured the t o t a l  heaz required t o  raise t h e  
sample from room temperature t o  t h e  temperature invest igated;  s e n s i b l e  and reactio?. 
heats are thus lumped together .  This i s  the  important quant i ty ,  however, f o r  c o s t  
p r a c t i c a l  appl icat ions.  

This procecure i s  exac t ly  

The use of a hi& temperature calor imeter  nade i t  h p r a c t i c a l  t o  reduce 
the thermal l o s s e s  to a negl ig ib le  leve l .  Instead,  it was necessary t o  cont ro l  
and s tandardize t h e  l o s s e s  a t  a'reasonably high l e v e l .  
u n i t  as simple as possible ,  an unsteady s t a t e  method vas used, i n  which the  efr'ect 
of an added sample on the normal cool ing curve of a heated metal block w a s  observed. 
This method proved adequate, and allowed the  use of simple equipment; however, con- 
s iderable  care  and extensive cd lcu la t ion  were needed t o  produce these s a t i s f a c t o r y  
results. 

In a n  e f f o r t  t o  keep the  

The h e a r t  of t h e  calor imeter  was a n  aluminum block 1-1/2" 0.d. by 2-718" 
long  w i t h  an a x i a l l y  bored hole  314" i n  diameter and 2-112'' deep. 
d r i l l e d  on a 1-1/8" c i r c l e  i n  t h e  top  of t h e  block; two of these holes  were tapped 

Six holes  were 



i f o r  support rods, and t h e  o t h e r  f o u r  were used as thermocouple w e l l s  1/2", l", 
1-1/2" and 2" deep, respec t ive ly .  
k-ire h e a t e r  and suspended by s m a l l  i r o n  rods from a transite d isc .  The block was 
hung down i n t o  a glass Dewar f l a s k ,  wnich i n  t u r n  was placed i n  a tube furnace. 
m e  furnace temperature  was  cont ro l led  a t  a l e v e l  near t h e  opera t ing  temperature ' t  

of t h e  block t o  reduce t h e  heat loss .  A "seal-ring' '  of  transite, s l i g h t l y  s m d l e r '  
+han the  i n s i d e  diameter of  t h e  Dewar f l a s k ,  was placed between t h e  block and i t s  
supporting disc. m s  "seal-r ing",  which contained an e l e c t r i c  h e a t e r  powered fro? 
a constant  vo l tage  source,  w a s  provided t o  reduce the  end l o s s e s  upward from t i e  ~ 

block and t o  improve t h e  temperature symmetry of t h e  system. A long  glass tube ( 
was used t o  provide a n  i n l e t  path f o r  the  tes t  samples. , 
metered i n  near  the bottom o f  t h e  Dewar f l a s k  t o  insure  an i n e r t  atmosphere. me 1 
calor imeter  is shown assembled i n  Figure 1. 

This aluminum block was  wound with a res i s taqce  

A ni t rogen purge was 

The thermocouple c i r c u i t s  used t o  ge t  a s e n s i t i v e  measure of  the tempera- 
tures of t h e  system c o n s i s t e d  of two b e l e m e n t  thermo-piles made of iron-constant& 
The four  hot  junc t ions  of  one thermo-pile were placed i n  the holes  d r i l l e d  i n  the  ~ 

aluminum block, and because of t h e i r  spacing i n  the block yielded a good average 
temperature d i r e c t l y .  These junc t ions  had t o  be  i n s u l a t e d  e l e c t r i c a l l y  from t h e  
block, and this w a s  done w i t h  a bead of  alundum cement t o  which a l i t t l e  water- 
glass had been added. The hot  junct ions of  t h e  second thermo-pile were held about 
1/16" awv from the i n n e r  w a l l  of the Dewar f l a s k ,  spaced a t  90" around the  block 
at a l e v e l  near  t i e  middle of t h e  block. The s e n s i t i v i t y  of  each of  these thermo- 
p i l e s ,  between 500" and 900°F, i s  o f  t h e  order  of 0.12 m i l l i v o l t  p e r  degree 
Fahrenheit, so that by  measuring each output  t o  t h e  neares t  0.01 m i l l i v o l t  w i t h  
a Leeds and Northrup p o r t a b l e  potent iometer  the  temperatures within t h e  block and 
ex terna l  t o  it could b e  determined t o  t h e  neares t  0.1'F. 

I n  t h e  normzl experimental procedure, the o u t e r  furnace and t h e e a l  r i n g  

~ 

h e a t e r  were used t o  e s t a b l i s h  a n  e leva ted  "steady s t a t e "  temperature i n  the c a l o r i -  
meter block. From this l e v e l  t h e  block h e a t e r  w a s  used t o  raise t h e  block tem- 
pera ture  to a l e v e l  about  20°F higher. Af te r  condi t ions were steady a t  this upper 
temperature l e v e l ,  the block h e a t e r  was switched o f f ,  and the block allowed t o  cool 
towards i t s  lower s teady  s t a t e  temperature. After about t h r e e  minutes had elapsed 
a powdered s o l i d  sample, he ld  i n  a s m a l l  aluminum f o i l  cy l inder  about 5/8" diameter 
and 1-1/2" long,  was  dropped i n t o  the block. The block and e x t e r n a l  temperatures 
were read a l t e r n a t e l y ,  each on a 30-second schedule, u n t i l  the cool ing rate became 
r e l a t i v e l y  small so that l e s s  f requent  readings were s u f f i c i e n t .  

The c a l c u l a t i o n  of  t h e  e f f e c t  o f  t h e  added sample required that a "normal 
cooling curve be  determined f o r  each temperature l e v e l  without  any sample addi t ion  
or o ther  e x t e r n a l  s t imulus.  By graphical  d i f f e r e n t i a t i o n  of  t h e  block temperature 
curve during "normdl" cooling, the  block cool ing r a t e  w a s  p l o t t e d  as a function of 
the  instantaneous temperature d i f fe rence  between t h e  block and i t s  surroundings. 
A t  each l e v e l  a good straight l i n e  r e l a t i o n  ex is ted ,  as predic ted  by t h e  simple 
Newtonian cool ing  law; a t y p i c a l  p l o t  i s  shown i n  Figure 2. 
depends on t h e  p r o p e r t i e s  of the system, b u t  the  i n t e r c e p t  depends, pr incipal ly ,  
on t h e  input  t o  the seal r i n g  heater. When used as a cor rec t ion  of t h e  observed 
cooling after a sample has been added t o  the calor imeter  block, t h i s  Newtonian 
p l o t  must b e  ex t rapola ted  i n t o  t h e  hea t ing  domain where d t  block is pos i t ive  and 

( tblock-texternal) is  negative. To prove t h a t  t h i s  ex t rapola t ion  w a s  reasonably 
accurate, a d r y  i c e  pellet was  added a t  one temperature l e v e l  t o  force  the block 
temperature below the externdl temperature; the observed heat ing rate f o r  the 
block w a s  j u s t  that predicced by  extrapolat ion.  

The slope of this l i n e  

de 
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A t y p i c a l  p a i r  of  temperature curves f o r  a mi i n  which a so1i.d sample 
w a s  added i s  shown i n  F i y r e  3 .  For s e l e c t e d  values  of time 'he temperature 
dr iv ing  force ,  ( t b l o c k - t e x t e r n d ) ,  WBS noted and a e  c o d  cool ing rate dete-nixed 

'from t h e  Newtonian p l o t .  The i n t e g r a l  expression, ( d t  block)  d6, vas 

determined graphical ly  f o r  each run, and served as a cor rec t ion  l o r  t h e  obser rec  
temperature drop of t h e  block. Pie  correc ted  temperature e f f e c t  of t h e  saaple was 
t h e  a lgebra ic  d i f fe rence  of t h e  observed temperature drop a d  t h i s  i n t e g r a l  n o z a l  
temperature drop; %e cor rec ted  temperature e f f e c t  should approach a s t e 2 . i ~  f i i z l  
value after a reasonable per iod  of t h e ,  as shown i n  a.t,-ypical cu-rve ic  P i G r e  5. 
I n  some cases  i n  which no f i n a l  s teady  value w a s  approached, i t  vas n e c e s s a r j  t o  
s h i f t  t h e  Newtonian cool ing p l o t ,  holding i ts  sloFe constant ,  unt i l  t h e  t o t a i  
e f f e c t  w a s  forced  t o  l e v e l  o f f  This forced b a l a x e  was equivalent  t o  assuming 
t h a t  the s e a l  r i n g  heater input  v a r i e d  while the  i n s u l a t i n g  proper t ies  of the 
system d i d  not .  This assumption appeared reasonable s ince  the cor rec t ions  were 
random and no aging t rend  w a s  no t iced  during the  per iod  spent  on measurenents at  
a given temperature l e v e l .  

f (  dQ )r,onzl. 

After  the  t o t a l  cor rec ted  e f f e c t  of  a sample on t h e  ca lor imeter  block iias 
found, t h e  remqning c a l c u l a t i o n s  were fami l ia r .  ,Powdered a z o 3 ,  a substance of  

of  o t h e r  materials were determined by  using t h i s  c a l i b r a t i o n  as a reference. 
---known h e a t  capacity, w a s  run t o  e s t a b l i s h  a calor imeter  constant. ,The h e a t  c a p a c i t i e s  

Results 

The h e a t  capac i ty  of  a Pi t t sburgh  seam coal  (38.6$ V.M. and 7.05 ash, 
from t h e  Arkwright mine i n  West Vi rg in ia )  w a s  determined t o  a uxxdrum . tempera',ure 
of 8 0 0 " ~ .  Swelling and f r o t h i n g  of t h e  c o d  made i t  impossible t o  use higher 
temperatures. A char  produced f r o m  this coa l  by f l u i d i z e d  carbonizat ion at 9,5O"F 
w a s  used f o r  measurements t o  890°F. This Arkwright char  conta i red  l3.2$ V.>I. 
Magnesium oxide was used as a secondary s tandard -co check t h e  accuracy of tae Zetnod, 
by comparison between observed and l i t e r a t u r e  values  f o r  heat  capac i ty  from 6 j O "  TO 
8 0 0 " ~ .  The r e s u l t s  f o r  these three  materials i s  shown i n  Figure 5; t h e  nean s p e c i f i c  
h e a t  c a p a c i t i e s  a re ,  of  course, averaged from room temperature t o  ;he f i n a l  tecqera-  
t u r e  p lo t ted .  

Most po in ts  OK t h e  curves shown i n  Figure 5 are the average of  two o r  more 
determinations. 
less than 2dp f o r  the  h e a t  s t a b l e  materials, but  rose as high as 5$ i n  one instznce 
f o r  the c o a l  sample i n  the middle of the  p l a s t i c  temperature range. The agreenext 
be-cween t h e  observed and l i t e r a t u r e  values  f o r  MgO adds confidence i n  t h e  Ee+$od. 

The v a r i a b i l i t y  of ind iv idua l  values from the  uean w a s  generall;; 

For comparison with d a t a  found i n  t h e  l i t e r a t u r e ,  two o t h e r  curves are 
shown i n  Figure 5. One represents  t h e  values  t h a t  would be prediczed by applj5ng 
t h e  equation derived by Clendenin, e t  ale3; The o t h e r  curve i s  from d a t a  by Por te r  
and Taylors, these  d a t a  being t h e  h ighes t  temperature values included i n  t h e  cor-  
r e l a t i o n  of  Clendenin. No comparable d a t a  a r e  ava i lab le  f o r  char. 

The d a t a  obtained here  bji use of  a high temperature calor imeter  app13- t o  
t h e  p a r t i c u l a r  case i n  which t h e  sample i s  heated very r a p i a y  and the $roduc-.s 
of carbonization a re  c a r r i e d  out  of the  system. This corresconds qui te  well t o  
t h e  p a t t e r n  i n  f l u i d i z e d  low temperature carbonizat ion of c o d ,  the appl icezion 
f o r  which these d a t a  were o r i g i n a l l y  determined, b u t  may d i f f e r  s u b s i z c t i a l l j  f r c ~  
t h e  hea t ing  regime i n  some o ther  processes. Reaction e f f e c t s ,  p a r t i c d a r l y  f r o m  
extensive secondary reac t ion  of  the  tar products, may cause some variance i n  t o t a l  
s p e c i f i c  h e a t  capaci ty  under o t h e r  t reatment  conditions. 
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Taernal  Conductivity Measurements 
, 

Method \ 

Absolute t h e d  conduct iv i t ies  of a m a t e r i a l  a r e  b e s t  determined by d i r e c t  
measurement o f  t h e  te.mperature gred ien t  which exists f o r  a known r a t e  of heat  t ransfe  
across  a u n i t  a r e a  of  material under s teady state conditions. From t h e  Fourier  h e a t ,  
t r a n s f e r  equat ion 

t h e  thermal conduct iv i ty  can be c a l c u l a t e d  d i r e c t l y .  
i n  t b i s  work was modeled after one descr ibed by Birch and Clark1, and allowed us t o  
measure these  needed f a c t o r s  f o r  compactions made of char, c o a l  and pi tch.  

The thermal conductometer u s e d ;  

A c r o s s - s e c t i o n a l  view of t h e  conductometer i s  shown i n  Figure 6. m e  ' 
l o c a t i o n  of t h e  l e a d - i n  wires has  been omitted. 1 
square about the  v e r t i c a l  axis. 

, square  and 112" t h i c k ,  c u t  from a s i n g l e  l a r g e  br ique t ,  o r  formed of c l o s e  f i t t i n g  
' 

r e c t a n g d a r  s e c t i o n s  from small br ique ts .  It was placed between the h e a t e r  block , 
arnd cool ing g l a t e ,  both of which are made of copper t o  assure  an even temperature , 
d i s t r i b u t i o c .  A 30-gauge nichrome wire hea t ing  element i n  t h e  h e a t e r  block held i t s  1 

temperature a3out 10°C above t h a t  of the cool ing p l a t e  when a s teady  s t a t e  w a s  
reached. Heasure-3ent of this temperature d i f fe rence  across  t h e  specimen was made 
wi tn  chemocolqles  placed a t  pos i t ions  ind ica ted  by t h e  h e a v j  dots. Provided that 
t h e r e  i s  no h e a t  t r a n s f e r  from the h e a t e r  block o t h e r  than through the specimen, t h e  
c o n d x t i v i t y  is simply cz lcu la ted .  The condi t ion of no extraneous h e a t  loss f r o m  
the b h c s  was approached as c l o s e l y  as p o s s i b l e  by use of a thermal guard dome of 
cooper which covered t h e  heater block as sham. The @ard dome contained a hea t ing  
element by which the dome's temperature was  ad jus ted  t o  equal  t h e  temperature of 
t h e  heater  block. Heat losses t o  the surroundings then came from t h e  guard dome 
and not  from t h e  h e a t e r  block. 
by t h e  guard r i n g  of i n s u l a t i n g  material ( t r a n s i t e )  t h a t  surrounds t h e  specimen. 
Small. ceramic spacers  prevented acc identa l  metal-to-metal contac t  between the dome 
and hea ter  block. 

The apparatus was symetr ical ly  
The specimen was  a f l a t  s l a b  approximately 2" 

' 

Lateral h e a t  losses from t h e  specimen were minimized 

The e n t i r e  conductometer was enclosed i n  a s t e e l  box which was purged 
wi th  ni t rogen t o  prevent  ox ida t ion  o f  the copper o r  t h e  specimen a t  high tempera- 
tu res .  The e n t i r e  u n i t  vas i m e r s e d  i n  a f l u i d i z e d  sand b a t h  t o  provide the  con- 
t r o l l e d  elevated ambient temperatures. 

S tab le  power f o r  t h e  h e a t e r  block was provided by two s ix-vol t  s torage 
The cur ren t  was manually cont ro l led  with rheos ta t s  t o  give 

With cur ren ts  of 100- 
b a t t e r i e s  i n  s e r i e s .  
t h e  desired temperature d i f f e r e n t i a l  across  t h e  specimen. 
200 milliampere i n  t h e  block hea ter ,  t h e r e  was no d i s c e r n i b l e  d r i f t  i n  t h e  current  
during the course o f  a measurement. The less c r i t i c a l  power f o r  the w a r d  dome 
was  provided by a Variac w i t h  a r h e o s t a t  f o r  f i r e  control .  
Northrup potent iometer  w a s  used f o r  accura te  measurement of t h e  thermocouple 
p o t e c t i a l s  and the v o l t a g e  and cur ren t  of t h e  h e a t e r  block. Voltage measurements 
across  a s tandard one-ohm r e s i s t o r  i n  the h e a t e r  c i r c u i t  gave direct measurements 
of  t h e  h e a t e r  cur ren t .  

A type K Leeds and 

R e s u l t s  

Thermal c o n d u c t i v i t i e s  were determined f o r  sec t ions  o f  br ique ts  made from 
c o a l ,  char and p i tch .  The composition was  25dp c o d  (P i t t sburgh  Seam from Montour 

__ 
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mine i n  Western Pennsylvania), 63.5% l ow temperature char  produced from this c o a l  
by f lu id i zed  carbonization a t  950°F and 11.5% pi tch .  mese br ique t s  were pre-coked 
a t  seve ra l  temperature l e v e l s ,  t h e i r  conductivity measured a t  that temperature, and 
then a l s o  a t  lower temperatures. 
e f f e c t  of coking on conduct iv i ty  a t  a p a r t i c u l a r  tenpera ture  and t h e  temperature 
dependence of conductivity of s p e c i f i c a l l y  coked br ique ts .  
i n  Figure 7. 

This procedure sepa ra t e ly  demonstrates bo th  t h e  

These data are p l o t t e d  

Trustworthy r e s u l t s  could not  be obtained at temperatures above 1 6 0 0 ~ ~  

However, t he  values obtained at o t h e r  temperatures on 
on t h e  f u l l y  coked b r ique t s  because adequate f l u i d i z e d  sand furnace temperature 
con t ro l  was not rea l ized .  
this f u l l y  coked ma te r i a l  a l l o w  a reasonable ex t rapola t ion  of the curve t o  1800°F. 

Figure 8 shows a comparative p l o t  of the p resen t  d a t a  with those presented 
by Millard' f o r  coal.. 
conduct iv i t ies  of the  two coals ,  which cane from d i f f e r e n t  mines. 
seen from the  p l o t  that there is no r a d i c a l  d i f f e rence  i n  the b r ique t  conductivity 
as compared t o  the  coals.  
with temperature and a marked increase  w i t h  degree of  coking. 

Millard m a d e  no attempt t o  expla in  the d i f f e rence  i n  the 
It is  r e a d i l y  

Both mater ia l s  show a very  l a r g e  increase  i n  conduct iv i ty  

Estimation o f  Surface Film Coeff ic ien t  f o r  Heating W i t h  F lu id ized  Solids 

The appl ica t ion  of t he  t h e d  parameters repor ted  above very o f t e n  re- 
qui res  the  estimation of a sur face  f i lm  hea t  t r a n s f e r  c o e f f i c i e n t  p e r t i n e n t  t o  the 
thermal system t o  be used. 
carbonization of b r ique t s  i s  t h e  hea t ing  with c i r cu la t ing ,  ho t  f l u i d i z e d  so l ids .  
Considerable work has been done by the  authors and t h e i r  a s soc ia t e s  on t h e  treat- 
ment of carbonaceous b r ique t s  i n  this type of system. I n  an e f f o r t  to  b r ing  order  
and p r e d i c t a b i l i t y  t o  some of  the results noted, and f u r t h e r  t o  check the  v a l i d i t y  
of assumed values of the  hea t  t r a n s f e r  f i l m  coe f f i c i en t  used i n  machine ca lcu la t ions  
made on this type system ( repor ted  i n  a companion paper),  an experimental me-hod 
f o r  the  estimation of t he  f i l m  c o e f f i c i e n t  was t es ted .  This experimental method 
is simple, e spec ia l ly  so under the  s p e c i a l  conditions i n  which it has been applied 
here. 
t r a n s f e r  coe f f i c i en t ,  b u t  it is f e l t  that the  method deserves descr ip t ion .  

One of t he  thermal arrangements of i n t e r e s t  f o r  t he  

The r e s u l t s  obtained represent  on ly  a r a t h e r  cursory examination of the 

me method used w a s  to observe the  temperature rise of sphe r i ca l  ob jec ts  
after Fmmersion i n  a constant temperature, f l u id i zed  sand bath. Although, genera l ly  
speaking, t he  use of an unsteady s t a t e  system l eads  t o  a r e l a t i v e l y  low degree of 
prec is ion ,  it is a l so  t r u e  t h a t  these measurements are rap id  and may be  made q u i t e  
well  i n  a very simple system, much simpler than would be needed for s teady  state 
measurements. 

Examination of mathematical. expressions f o r  this system shoved that i n  
order t o  r e l a t e  these results to  the f i l m  coe f f i c i en t  it w a s  necessary t o  r e s t r i c t  
our a t t en t ion  t o  mater ia l s  and temperature ranges f o r  which the  themal d i f f u s i v l t y  
may be t r ea t ed  as a constant.  
ana ly t i ca l ly .  
p r 0 b l e m ~ , 1 ~ .  
ob jec ts  with a high thermal conductivity such as aluminum or copper (Nu << 1). 

I n  these  cases, the  Four ie r  equation can be solved 

This so lu t ion  reduced f u r t h e r  to a very simple form f o r  the case of 
A so lu t ion  which has been published may then be app l i ed  t o  this 

Under these s p e c i f i c  conditions the  temperatures of t h e  cen te r  and surface,  
respectively,  of a sphere of rad ius  r o  a t  i n i t i a l  temperature TI which is suddenly 
surrounded by a medium a t  a constant temperature To are given by the  equations 
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t 

The Nussel t  number, Nu, is defined as 

and e is a dimensionless t i m e  = o r  k t 
ro2 p c/ c 2  

The Nussel t  number can be very simply determined i n  this  c a s e  by  p l o t t i n g  experimental. 
va lues  of I n  Y versus 8. 
is  t r u e  f o r  bo th  the c e n t e r  and sur face  temperatures. 

A straight l i n e  should be  obtained whose s lope is03 Nu. %is 

Experimentally, all measurements were made by  plunglng an aluminum sphere 
i n t o  an 8'' diameter  f l u i d i z e d  sand bath. An aluminum sphere w a s  chosen so that the  
s impl i f ied  form of  t h e  Four ie r  s o l u t i o n  equation could be applied; i.e., the thermal 
conduct ivi ty  of  aluminum i s  high and almost exac t ly  independent of temperature, and 
t h e  thermal d i f f u s i v i t y  is  r e l a t i v e l y  constant .  It w a s  assumed that t h e  nature of 
the  sphere 's  sur face  was  unimportant t o  t h e  result, so that values  of h calculated 
here  would b e  appl icable  t o  carbonaceous br ique ts .  

, 
TJO thermocouples were used t o  sense t h e  temperatures of a n t e r e s t  i n  t h e  

sphere, one a t tached  t o  the sur face  and one placed i n  a small hole  bored t o  the 
specimen center .  small diameter  thermocouple w i r e  (28 gauge) was  used t o  minimize 
error caused by heat conduction down the wire. A . t h i r d  thermocouple i n  the f lu id ized  
sand b a t h  w a s  used t o  sense and cont ro l  i ts  temperature. All t h r e e  temperatures were 
recorded on a mult i -point  s t r i p  c h a r t  recorder. A l l  the tests used a nominal 
f l u i d i z e d  s v l d  temperature of 1000°F. 

Five tests were run us ing  a 2" sphere. Four of these t e s t s  were made 
using a f l u i d i z a t i o n  v e l o c i t y  (superf ic ia l . )  o f  0.6-0.7 f e e t  p e r  second; one t e s t  
used a reduced l i n e a r  v e l o c i t y  o f  0.34 f p s .  
a 5'' sphere. 
couple placed a t  the c e n t e r  of t h e  sphere i s  shown i n  F i s r e  9. 

Single  tests were made with a 1" and 
A t y p i c a l  p l o t  of t h e  temperature h i s t o r y  recorded by the themo- 

A p l o t  of t h e  temperature approach d a t a  used f o r  t h e  est imat ion of some 
of  t h e  f i l m  c o e f f i c i e n t s ,  h, is sham i n  Figure 10. S t r a i g h t  l i n e s  are obtained 
as predic ted  by the s p e c i a l  s o l u t i o n  f o r  t h e  basic Four ie r  equation. 
may b e  obtained when t h e  sur face  temperature i s  treated i n  a similar manner, bu t  t h e  
sur face  temperature i s  more d i f f i c u l t  t o  measure wi th  precis ion.  

Similar results 

The l i n e s  i n  Figure 10 do not  show t h e  u n i t  value of y- in te rcept  as pre- 
d i c t e d  by  theory. 
couple error caused by  conduction of  h e a t  down t h e  thermocouple wire, thus pro- 
ducing high temperature readings. It can e a s i l y  be shown that t h e  t o t a l  heat  
conducted down the  w i r e  i s  a negl ig ib ly  s m a l l  f r a c t i o n  of that conducted through 
t h e  aluminum. 
t i o n a l  t o  t h e  temperature d i f fe rence  between t h e  surroundings and t h e  center  of 
t h e  sphere (a  logic^ assumption), then only t h e  i n t e r c e p t  of t h e  Fourier  solut ion 
equation is  s h i f t e d  and i t s  s lope i s  unaffected. 

P a r t  of t h e  cause of  t h i s  discrepancy i s  thought to  be a thermo- 

Further ,  it can be  shown t h a t  i f  the thermocouple e r r o r  is  propor- 
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The ca lcu la ted  values  of t h e  f i l m  c o e f f i c i e n t ,  n, are l i s t e d  i n  Table I. 

The prec is ion  of t h e  r e p l i c a t e  t e s t s  on t h e  2 "  inch  sphere i s  not  the  bes t ,  but  
the  r e s u l t s  a r e  cons is ten t  and reasonable. The tes t  made a t  a rediuced f l u i d i z i n g  
v e l o c i t y  shows a somewhat lower value f o r  h, which i s  also reasonable. 

Table I 

Experimental Values of Heat Transfer  Coeff ic ien t  
Between Flu id ized  Sand and Aluminum Spheres 

Thermal Parameters f o r  Calculat ions:  k = 117 Btu/hr. f t .  "F 
a = 5.33 ft.2/hr. 

Sphere F l u i d i z a t i o n  F lu id ized  Sand Calculated Heat 
Run No. Dime te r  Veloci ty  ,Temperature Transfer  CoeffLcient, h 

Al-1 
AI.-2 
Al-3 
Al-4 
d - 5  
AI.-6 
Al-7 

3" 
2" 
1" 
2" 
2" 
2" 
2" 

0.72 f t / s e c  950'F 
0.72 1000'F 

0.61 95'F 
0.61 99O'F 
0.34 9 0 ° F  
0.61 950'F 

0.72 10500~ 

38 Btu/hr ft' F" 
31 
27 
36 
34 
23 
30 

The values  measured here  might be expected t o  l i e  i n  the upper range of  values  r e -  
ported because of the high d e n s i t y  of  t h e  f l u i d i z e d  sand; on the o t h e r  hand, the  
f l u i d i z a t i o n  v e l o c i t i e s  used were r a t h e r  low, e s p e c i a l l y  f o r  a dense s o l i d ,  azzd 
t h i s  f a c t o r  would lower the  value of h. The average value of h neasured here  i s  
about 30 Btu/hr. f t .2  F", and .thus w e l l  wi thin the  range of 20-50 Btu/ilr. f t ?  Fa. 
chosen f o r  t h e  ca lcu la t ions  of hea t ing  rates of  Carbonaceous br ique ts  i n  f l u i d i z e d  
s o l i d s  systems. 

. I  

SUt4MRY 
--. 

The var ious thermal d a t a  reported here  are not e n t i r e l y  comparable i n  t e n s  
of materials and temperature ranges. However, they all bear  d i r e c t l y  on the  p r o b l a  
of hea t  t r a n s f e r  t o  carbonaceous b r i q u e t s  containing coa l ,  char  md pktch. The hea t  
capaci ty  d a t a  measured f o r  c o a l  and char  may be coinbined.with values  i n  ?;he l i t e r a -  
t u r e  f o r  p i t c h  t o  provide composite values appl icable  t o  b r i c p e t s .  The ;hem& :on- 
d u c t i v i t y  d a t a  were obtained d i r e c t l y  on b r i q u e t  samples. The h e a t  t r a n s f e r  f iLq 
coef f ic ien t ,  h, w a s  es t imated f o r  a metal of high thermal conduct ivi ty  ( a l : ~ ? i r m )  
f o r  s impl ic i ty ,  b u t  no reason is apparent  why t h i s  e x t e r n a l  f a c t o r  carmot be appl ied 
d i r e c t l y  t o  the hea t ing  of  carbonaceous shapes of much lower conduct ivi ty .  ,These 
data have been used f o r  machine computations of b r i q u e t  hea t ing  r a t e s  as reported 
i n  a companion paper. 
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FIGURE 3 

OBSERVED DATA FOR A CALIBRATION TEST 
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FIGURE 3 

MEAN SPECIFIC HEAT CAPACITIES OF COAL AND CHAR 

FIGURE 6 

THERMAL CONDUCTOMETER 
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FIGURE 9 

CENTER TEMPERATURE OF ALUMINUM 
HEATED BY FLUIDIZED SAND BED 
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